The resection of regional lymph nodes in the basin of a primary tumor is of paramount importance in surgical oncology. Although sentinel lymph node mapping is now the standard of care in breast cancer and melanoma, over 20% of patients require a completion lymphadenectomy. Yet, there is currently no technology available that can image all lymph nodes in the body in real time, or assess both the sentinel node and all nodes simultaneously. In this study, we report an optical fluorescence technology that is capable of simultaneous mapping of pan lymph nodes (PLNs) and sentinel lymph nodes (SLNs) in the same subject. We developed near-infrared fluorophores, which have fluorescence emission maxima either at 700 nm or at 800 nm. One was injected intravenously for identification of all regional lymph nodes in a basin, and the other was injected locally for identification of the SLN. Using the dual-channel FLARE intraoperative imaging system, we could identify and resect all PLNs and SLNs simultaneously. The technology we describe enables simultaneous, real-time visualization of both PLNs and SLNs in the same subject.
Introduction
The sentinel lymph node (SLN) is the first lymph node (LN) receiving lymphatic drainage from a primary tumor [1] . SLN biopsy is essential for staging many cancers and avoiding unnecessary LN dissection, which may cause adverse effects such as lymphedema. Currently, SLN biopsy is the accepted standard of care for breast cancer and melanoma [2] . Although SLN biopsy studies have been attempted for colorectal cancer, gastric cancer, esophageal cancer, head and neck cancer, thyroid cancer, non-small cell lung cancer, and gynecologic cancer, the importance of SLN biopsy for these cancers remains unclear [3] [4] [5] [6] [7] [8] [9] .
Regardless of SLN status, the prognosis of almost all solid tumors is dependent on LN involvement, and even in the case of a positive SLN biopsy, completion lymphadenectomy is required in 15-40% of cases [10] [11] [12] [13] . Despite these facts, there is currently no technology available to the surgeon to identify all LNs within a basin quickly and with high sensitivity. Previous reports demonstrated that the use of invisible near-infrared (NIR) light (700 -900 nm) has several advantages for SLN biopsy, including relatively high penetration (up to 5-8 mm) into living tissue [14, 15] . When compared to blue dyes, invisible NIR light has a relatively high signal-to-background ratio (SBR) due Ivyspring International Publisher to low absorption, scattering, and tissue autofluorescence [16] . NIR light is also non-ionizing. Because of these advantages, many recent studies have used NIR fluorescence for SLN biopsy [17] [18] [19] [20] [21] [22] [23] [24] , reviewed in [25] . PLN mapping, however, has not yet been widely investigated. Josephson et al. employed Cy5.5-grafted polymers (PGC) to demonstrate NIR imaging of PLNs; however, nonspecific background was so high in major organs including liver, spleen, and lungs that the entire viscera had to be removed to identify the LNs after intravenous injection [26] .
In this study, we engineered novel small molecule-based polymethine cyanine fluorophores to have fluorescence emission maxima in two distinct ranges; one NIR color for visualization of PLNs and the other for mapping SLN in the same subject. These LN-targeted NIR fluorophores were injected into small and large animal models, and their targeting efficiency in PLN and SLN was evaluated using the dual-channel FLARE intraoperative imaging system in real time.
Materials and Methods
Optical Property Measurements. We synthesized a series of endocrine-specific near-infrared fluorophores (ESNF), and used them for lymph node targeting with a previously reported zwitterionic (ZW) heptamethine indocyanine molecule ZW800-3a [27] . To compare current commercially available NIR fluorophores, methylene blue (MB) purchased from Taylor Pharmaceuticals (Decatur, IL) and indocyanine green (ICG) purchased from Akorn Inc. (Decatur, IL) were also prepared. The optical properties of all agents were measured in fetal bovine serum (FBS) supplemented with 50 mM HEPES, pH 7.4. For quantum yield (QY) measurements of 700 nm fluorophores (ESNF11, -14, -20), oxazine 725 in ethylene glycol (QY = 19%) was used as a calibration standard under conditions of matched absorbance at 655 nm [28, 29] . For the QY of 800 nm fluorophores (ZW800-3a), ICG in DMSO (QY = 13%) was used with a matched absorbance at 770 nm [30, 31] . For in vitro optical property measurements, fiberoptic HR2000 absorbance (200-1100 nm) and USB2000FL fluorescence (350-1000 nm) spectrometers (Ocean Optics, Dunedin, FL) were employed. NIR excitation was provided by a 770 nm NIR laser diode light source (Electro Optical Components, Santa Rosa, CA) set to 8 mW and coupled through a 300 µM core diameter, 0.22 NA fiber (Fiberguide Industries, Stirling, NJ). In silico calculations of the partition coefficient (log D) and surface molecular charge and hydrophobicity were calculated using MarvinSketch 5.2.1 (ChemAxon, Budapest, Hungary) by evaluating major microspecies at pH 7.4. NIR Fluorescence Imaging System. The dual-NIR channel FLARE imaging system has been described in detail previously [20, 30, 32] . In this study, 670 nm excitation and 760 nm excitation fluorescence rates used were 4.0 and 11.0 mW/cm 2 , respectively, with white light (400 to 650 nm) at 40,000 lx. Color image and 2 independent channels (700 nm and 800 nm) of NIR fluorescence images were acquired simultaneously with custom software at rates up to 15 Hz over a 15 cm diameter field of view (FOV). A custom filter set (Chroma Technology Corporation, Brattleboro, VT) composed of a 750 ± 25 nm excitation filter, a 785 nm dichroic mirror, and an 810 ± 20 nm emission filter were used to detect ZW800-3a and ICG. For ESNF detection, we used 650 ± 22 nm and 710 ± 25 nm excitation and emission filters, respectively. In the color-NIR merged images, 700 nm NIR fluorescence and 800 nm fluorescence were pseudo-colored bright red and lime green, respectively. The imaging system was positioned at a distance of 18 inches from the surgical field.
NIR Fluorescence Microscopy. NIR fluorescence microscopy was performed on a 4-filter set Nikon Eclipse TE300 epifluorescence microscope as previously described [33, 34] . The microscope was equipped with a 100 W mercury light source, NIR-compatible optics, and a NIR-compatible 10X Plan Fluor objective lens and a 100X Plan Apo oil immersion objective lens (Nikon, Melville, NY). Images were acquired on an Orca-AG (Hamamatsu, Bridgewater, NJ). Image acquisition and analysis was performed using IPLab software (Scanalytics, Fairfax, VA). The same NIR filter sets used for intraoperative FLARE imaging were used for microscopic imaging.
NIR Imaging of Lymph Nodes in Rats and Pigs.
As Josephson et al. reported [26] , intravenous injection rather than local injection should be used for PLN mapping to ensure labeling of all LNs. For PLN mapping using 700 nm NIR fluorophores, 50 nmol of MB or ESNF fluorophores were injected intravenously in rats. Injections of 20 nmol of ICG and ZW800-3a were used for 800 nm NIR imaging (n = 3 animals for each fluorophore). Four hours after injection, neck, axillary, inguinal, iliac, and mediastinal LNs were imaged. As a control, 3 rats were injected with 0.5 mL of saline and imaged as above. NIR fluorophores showing significantly higher SBR (SBR ≥ 1.3) than the control (SBR ≈ 1) were employed for further study. To examine the relationship between SBR of the LNs and observation timing, we observed 7 different time points (1, 2, 4, 8, 12, 16 , and 24 h) post-injection for each fluorophore (n = 3 animals for each).
The same series of fluorophores were also used in a large animal study. The doses of contrast agents used for the large animals were as follows: 1.4 µmol for ESNF series and 640 nmol for ZW800-3a. First, the major LNs such as inguinal, gastric, mesenteric, and mediastinal LNs were observed 4 h post-injection (n = 3 animals for each fluorophore). Second, the NIR fluorophore showing significantly higher fluorescence intensity (FI) was selected and injected into n = 3 pigs. LNs, muscle, liver, and kidney were observed at the indicated time (10 min, 30 min, 1 h, 2 h, 3 h, and 4 h). Finally, 3 pigs were used for dual-channel imaging of SLN and PLN mapping using ESNF and ZW800-3a simultaneously. Intravenously injected ZW800-3a (640 nmol in 0.5 mL saline) was used for PLN mapping, and 5 nmol ESNF injected locally into the uterine cervix was used to visualize the SLN. The local injection procedure was the same method used in a recent clinical study by our group [24] .
Quantitation and Statistical Analysis. The FI of a region of interest (ROI) over the LN, rectus abdominis muscles, liver, and kidney were quantified using custom FLARE software. The performance metric for this study was the signal-to-background ratio (SBR). SBR = FI of ROI / background (BG) intensity. The rectus abdominis muscles, liver, and kidney were used as BG compared to the signal in LNs to yield SBR (LN/Mu), SBR (LN/Li), and SBR (LN/Ki). Results were presented as mean ± SEM. A one-way ANOVA followed by Tukey's multiple comparisons post-test were used to assess the statistical differences between multiple groups. A P value ≤ 0.05 was considered significant.
Results
Optical Properties of NIR Fluorophores. The chemical structure, absorbance, and fluorescence curves for the ESNF series and ZW800-3a are shown in Figure 1 . Detailed optical properties in 100% serum, pH 7.4 are shown in Table 1 . All ESNF fluorophores have a 2-fold higher extinction coefficient and greater than 4-fold higher QY compared to the clinically available 700 nm fluorophore MB. The optical properties of ZW800-3a also appear to be higher (4-fold brighter) than the clinically available 800 nm fluorophore ICG. ESNFs and ZW800-3a also have ideal separation in absorbance and fluorescence spectra, which permits simultaneous dual-channel NIR fluorescence imaging. To summarize, ESNFs and MB exhibited fluorescence properties compatible with NIR fluorescence channel #1 (700 nm) of the FLARE imaging system and NIR fluorescence microscope while ICG and ZW800-3a exhibited fluorescence properties compatible with NIR fluorescence channel #2 (800 nm). Figure 2 . Pan Lymph Node Imaging in Rats: 50 nmol ESNF14 (A) or 20 nmol ZW800-3a (B) was injected intravenously into SD rats 4 h prior to imaging. In the merged image, pseudo-colored red and green were used for 700 nm and 800 nm channels, respectively. LNs are identified with arrowheads. (C) SBR, expressed as the LN to muscle (Mu) ratio (mean ± SEM) for each agent in all major LN basins 4 h post-injection of 50 nmol ESNF series and MB, or 20 nmol ZW800-3a and ICG. Controls were injected with saline alone. Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple comparison post-test (*P < 0.05, **P < 0.01, ***P < 0.001). (D) Kinetics of pan lymph node NIR fluorescence. SBR, expressed as the LN to muscle (Mu) ratio (mean ± SEM) for each agent over time. (E) Biodistribution of intravenously injected NIR fluorophores 4 h post-injection. Data are from N = 3 rats per condition. Ad, white adipose; Bl, bladder; Du, duodenum; He, heart; In, intestine; Ki, kidney; Li, liver; Lu, lung; LN, lymph node. Scale bars = 1 cm.
PLN Mapping in Rats.
As shown in Figure 2A , ESNF14 accumulated significantly in LNs after a single intravenous injection. However, nonspecific uptake in muscle, adipose, liver, lung, and intestine interfered with clear visualization of PLNs and remained longer than 4 h post-injection. On the other hand, intravenously injected ZW800-3a visualized PLNs with minimum nonspecific tissue uptake, which yielded more than 2-fold higher SBR (LN/Mu) compared to ESNFs. By comparison, there was no significant difference in SBR between MB and saline controls 4 h post-intravenous injection ( Figure 2C ), except for mesenteric LNs, which reabsorb MB from the GI tract after its excretion into bile [20] . In most cases, the SBR (LN/Mu) peaked between 4 h and 8 h over the course of 24 hours. Nonspecific background decreased significantly by 24 h post-injection; however, the signal at the target LNs also diminished rapidly by 8 h post-injection. There was no significant difference between the SBR (LN/Mu) at 4 h and later time points up to 24 h ( Figure 2D ). Biodistribution of each compound 4 h post-intravenous injection reveals slow elimination of ESNFs and ZW800-3a compared to MB and ICG.
PLN Mapping in Pigs. Based on the small animal data, we performed PLN imaging in pigs (3 animals per fluorophore) at 4 h post-intravenous injection of each fluorophore. As shown in Figures 3A and B, ZW800-3a showed significantly higher SBR (LN/Mu) than all of the other fluorophores, which is consistent with the small animal data. ZW800-3a was then injected into 3 pigs and signals compared between PLNs and the varying background tissues (muscle, liver, and kidney) over 4 h. During the distribution phase, namely T = 0-1 h, SBR LN/Li and SBR LN/Ki were close to the baseline of 1.0. SBR then gradually increased over 4 h with peak SBR measured at 4 h post-intravenous injection ( Figure 3C ). Statistical analysis of ZW800-3a vs. each ESNF dye was performed using one-way ANOVA followed by Tukey's multiple comparison post-test (*P < 0.05, **P < 0.01, ***P < 0.001). (C) Kinetics of pan lymph node NIR fluorescence. SBR, expressed as the LN to muscle (black squares), liver (white diamonds), or kidney (white circles) ratio (mean ± SEM) for each agent over time. N = 3 pigs per data point.
Simultaneous Dual-Channel Imaging of PLN and SLN Mapping in Pigs. Because completion lymphadenectomy is required in a large fraction of SLN biopsies, we attempted to visualize both SLN and PLNs simultaneously by exploiting the dual-NIR channel capability of the FLARE imaging system. Intravenously injected ZW800-3a was selected for 800 nm channel imaging because low nonspecific background is required for PLN mapping, while locally injected ESNF14 was used for 700 nm channel imaging of the SLN. Four hours after intravenous injection of 640 nmol ZW800-3a, 5 nmol of ESNF14 was injected transvaginally and submucosally into the uterine cervix (N = 3). Immediately after injection of ESNF14, the SLN (in this case the common iliac LN) was visualized on FLARE channel #1. Afterwards, both PLNs (FLARE channel #2) and the SLN could be imaged simultaneously ( Figure 4A ).
For histological evaluation, we removed a control LN from the pelvic area before injection of any fluorophore. After injection of both ZW800-3a and ESNF14, we removed a pelvic LN showing signal from only ZW800-3a (i.e., PLN) and the SLN that displayed both ZW800-3a and ESNF14 fluorescence. Expected microscopic LN substructure [35] was confirmed by H&E staining, with each NIR fluorophore displaying a distinct LN uptake pattern. Control LNs were negative for NIR fluorescence ( Figure 4B, top) . For intravenously injected ZW800-3a, the cortex and supplying vasculature of the LN was bright ( Figure  4B , middle). For ESNF14, the subcapsular sinus showed the brightest signal ( Figure 4B, bottom) , consistent with afferent lymphatic flow from the site of injection. 
Discussion
SLN mapping is the standard of care for breast cancer and melanoma, and is also being investigated for the staging of many other solid tumors. In approximately 30% to 40% of breast cancer cases [10, 11] and 15% to 20% of melanoma cases [12, 13] , though, a positive SLN is found and a completion lymphadenectomy is required. Additionally, the proper staging and treatment of cervical cancer requires an extensive LN dissection in the pelvis and around the descending aorta. Pelvic anatomy is very complicated, and there are currently no methods available to help surgeons to locate all LNs within a basin. As a result, dissection of LNs is often associated with intraoperative morbidity, such as hemorrhage, nerve damage, and long-term morbidity, such as serocele formation and lymphedema [36] . Ideally, a PLN agent could be injected intravenously at a relatively low dose prior to surgery, home specifically to all lymph nodes in the body, and provide real-time, high sensitivity image guidance to the surgeon during lymphadenectomy. Currently available clinical NIR fluorophores, MB and ICG, cannot visualize PLNs after intravenous injection. Josephson et al. used Cy5.5-PGC for NIR imaging of PLN mapping [26] ; however, the fluorophore resulted in high nonspecific background uptake in most tissues and organs, especially the liver. A clinically useful agent needs to exhibit low nonspecific uptake in major organs and tissues as well as high signal in LNs [37] .
An in vivo pilot study demonstrated that both ESNFs and ZW800-3a are viable SLN tracers, with both visualizing the SLN immediately (within 1 min), and with high SBR (> 5.0) and long retention time (> 1 h) after local injection (data not shown). Based on this result, we systematically investigated the possibility of using these agents for mapping all LNs in the body after single intravenous injection. Although all fluorophores displayed reasonably good signal in PLNs, the 700 nm ESNF series exhibited high nonspecific background uptake in muscle, adipose, kidneys, and liver that limited their utility for PLN mapping. On the other hand, 800 nm ZW800-3a provided high SBR in PLNs in both small and large animal models as a result of low nonspecific background uptake, higher excitation and emission wavelength (i.e., lower tissue attenuation), lower autofluorescence, and optimal optical properties (Table 1) .
It should be noted that the proper statistical assessment of SLN biopsy, which includes sensitivity, specificity, positive predictive value, negative predictive value, and accuracy, is dependent on finding all LNs within a basin. The technology we describe should aid in this endeavor, and might someday permit improved quantitative evaluation of SLN biopsy for cancers other than breast cancer and melanoma.
Although ZW800-3a performs reasonably well as a PLN agent, and has excellent optical properties, its specificity requires additional optimization. The mechanism of uptake in lymph nodes is presently not known, although micro-precipitation is unlikely because of the absence of signal in lung and spleen. The combination of logD, surface charge, and chemical structure appears to have specificity for LN uptake and retention, with our histological data suggesting that the fluorophore is being delivered via the systemic vasculature. Future studies should be directed at defining the mechanism of uptake and improving specificity, while maintaining current optical properties. cGMP-compatible chemical syntheses will also need to be developed to enable first-in-human clinical trials.
